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conspecific song recognition (Figure 1A; Bottjer et al.,
1984; Brainard and Doupe, 2000; Scharff et al., 1998).
In these cells, BOS playback evokes prolonged hyper-
polarization underlying phasic firing, hinting that an in-
teraction of synaptic inhibition and excitation generates
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highly selective firing (Figure 1B; Mooney, 2000).
In many sensory systems, higher-order feature selec-
tivity, including neuronal sensitivity to time-varying stim-Summary
ulus features, arises via one or more mechanisms involv-
ing inhibitory and excitatory interactions within singleSpeech and birdsong require auditory feedback for
their development and maintenance, necessitating cells. First, suprathreshold selectivity can arise when
synaptic excitation is recruited equally by both preferredprecise auditory encoding of vocal sounds. In song-
birds, the telencephalic song premotor nucleus HVC and nonpreferred stimuli, but inhibition preferentially
evoked by the “nonpreferred” stimuli generates a netcontains neurons that respond highly selectively to
the bird’s own song (BOS), a property distinguishing excitatory bias to the “preferred” stimulus (Faingold et
al., 1991; Fujita and Konishi, 1991; Hartings and Simons,HVC from its auditory afferents. We examined the con-
tribution of inhibitory and excitatory synaptic inputs 2000; Sillito, 1975). Second, inhibition can “threshold”
excitatory inputs tuned to the preferred stimulus.to BOS-evoked firing in those HVC neurons innervating
a pathway essential for audition-dependent vocal Thresholding can be “simple,” where a constant and
untuned inhibition negatively offsets tuned excitationplasticity. Using in vivo intracellular techniques, we
found that G protein-coupled, potassium-mediated in- (Hammond and Kim, 1996), or it can be “complex” and
more nonlinear, resulting from the interaction of pat-hibition, tuned to the BOS, interacts with BOS-tuned
excitation through several mechanisms to shape neu- terned inhibition and excitation that are both highly
tuned to the preferred stimulus (Anderson et al., 2000;ronal firing patterns. Furthermore, in the absence of
this inhibition, the response bias to the BOS increases, Berman et al., 1991; Ferster and Miller, 2000). Third,
synaptic inhibition and excitation can augment firingreminiscent of cancellation mechanisms in other sen-
sorimotor systems. of the postsynaptic cell to the preferred stimulus via
postsynaptic “priming,” another highly nonlinear mech-
anism. In priming, hyperpolarizing inhibition evoked byIntroduction
an initial stimulus element deinactivates voltage-sensi-
tive currents, enabling neuronal firing to otherwise sub-Birdsongs are learned vocalizations that rely intimately
on auditory experience, a feature likely to require synap- threshold excitation elicited by subsequent stimulus ele-
ments (Jahnsen and Llinas, 1984; Pape and McCormick,tic interaction between auditory and vocal pathways.
The avian song nucleus HVC is at the apex of a sensori- 1990; Steriade and Deschenes, 1984). The sequence
specificity of priming is particularly well suited to gener-motor pathway for learned song, and its neurons fire
strongly during both singing and song playback, making ate responses to complex time-varying stimuli such as
birdsong and has been hypothesized to explain neuronalthem prime candidates for such interaction (Vu et al.,
1994; Yu and Margoliash, 1996). HVC neurons display specificity to syllable sequences exhibited by certain
HVC neurons (Lewicki, 1996; Lewicki and Konishi, 1995).some of the most highly selective auditory responses
described in any system, characterized by exquisite Finally, highly tuned inhibition and excitation may inter-
act through a combination of these mechanisms tosensitivity to temporal features of the bird’s own song
(BOS) and a striking lack of responsiveness to other sculpt firing patterns evoked by the preferred stimulus.
In this report, we intracellularly disrupted inhibitionbirds’ songs (Margoliash, 1983; Theunissen and Doupe,
1998). The cellular mechanisms underlying this sensitiv- onto individual X-projecting cells in vivo, revealing that
G protein-mediated inhibition strongly influences theity are not understood, but are likely to be broadly rele-
vant to understanding the generation of feature selectiv- song-evoked firing patterns of X-projecting HVC neu-
rons. Further, we show that the synaptic mechanismsity used in other communication systems, including speech.
This study investigates how synaptic inhibition and excita- underlying this refinement do not involve the inhibitory
suppression of nonpreferred stimuli, obligatory postsyn-tion contribute to BOS selectivity in HVC neurons.
The greatly enhanced BOS selectivity in HVC relative aptic priming, or a simple thresholding effect. Instead,
our results favor a complex interaction of highly tunedto its auditory afferents suggests that selectivity is aug-
mented by synaptic interactions within HVC (Janata and inhibition and excitation that leads to nonlinear thresh-
olding and episodic priming, ultimately sculpting theMargoliash, 1999; Lewicki and Arthur, 1996; Mooney,
2000). Indeed, BOS playback evokes complex mem- firing patterns of these cells.
brane potential responses in the subpopulation of HVC
neurons (X-projecting cells) innervating a pathway im- Results
portant to audition-dependent song modification and
As a first step toward examining the role of inhibition in
song-evoked firing, we sought to identify the source of*Correspondence: mooney@neuro.duke.edu
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BOS-evoked hyperpolarizations in X-projecting neu-
rons. Among the several different HVC cell types,
X-projecting neurons are distinguished by their re-
sponses to BOS playback, which include prolonged hy-
perpolarizing responses and phasic sub- and supra-
threshold excitation during the stimulus (Mooney, 2000).
In addition, these cells can be distinguished from other
HVC neuron types based on their spontaneous activity
and on their intrinsic excitability, including moderate
firing rates to injected positive current (40 Hz/nA),
anomalous rectification to negative current, and spike
width (Dutar et al., 1998; Mooney, 2000).
We loaded individual X-projecting cells with com-
pounds that selectively disrupt different inhibitory path-
ways at their postsynaptic sites of action and measured
whether BOS-evoked hyperpolarizations were affected
(Figure 1A). In vitro, X-projecting cells exhibit both chlo-
ride-dependent inhibition mediated through A-type
-aminobutyric acid (GABAA) receptors and G protein
inward rectifying potassium (GIRK)-dependent inhibi-
tion, activated by metabotropic glutamate (mGlu) and
GABAB receptors (Dutar et al., 1999, 2000; Schmidt and
Perkel, 1998). Given these in vitro findings, we made a
series of in vivo recordings using different compounds
in the recording pipette to distinguish the relative contri-
bution of chloride, potassium, and G proteins in the
generation of BOS-evoked hyperpolarizations.
A major distinction between GABAA-mediated inhibi-
tion, versus either GABAB- or mGluR-mediated inhibi-
tion, is that the latter two ultimately act via postsynaptic
potassium currents. Consistent with BOS-evoked hy-
perpolarization relying on potassium currents, such hy-
perpolarization was eliminated in 6 of 7 cells loaded with
cesium, a broad-spectrum potassium channel blocker
(Figures 2A [top left] and 2B). Due to its widespread
effect on different potassium channels, cesium causes
a rundown of neuronal resting potentials and spike
broadening, features less optimal for longer-term re-
cordings. Therefore, we examined whether disrupting
G protein pathways afforded a reliable means of manipu-
lating song-evoked inhibition, as both GABAB- and
mGluR-mediated inhibition involve G protein signaling.
We loaded another set of X-projecting cells with the
nonhydrolyzable GTP analog GTPS, a compound that
Figure 1. A Schematic of the Song Nucleus HVC and the Song- constitutively activates GIRK channels in other systems
Evoked Properties of X-Projecting HVC Neurons (Kurachi et al., 1986b), ultimately occluding any endoge-
(A) Schematic of the song system and the recording configuration nous GIRK-mediated synaptic inhibition. To ensure that
used in these experiments. Sharp intracellular recordings were made any ensuing changes to song-evoked hyperpolariza-
from Area X-projecting (X-projecting) HVC neurons in vivo. Song tions were due to the effect of the drug on song-evoked
playback was used to activate auditory inputs to HVC, while various
inhibition, rather than negative shifts in resting mem-inhibitory pathways onto an X-projecting cell were disrupted using
brane potential that might be expected to occur withcalixarene, potassium chloride, cesium chloride, GTPS, or GDPS
constitutive GIRK activation, we applied current to holdin the recording pipette. Only a subset of HVC’s known connections
is depicted. Excitatory and inhibitory synapses are indicated by  the cell’s membrane potential approximately constant
and , respectively. DLM, medial nucleus of the dorsolateral thala- as GTPS diffused into the cell (initial Vm  60.3  0.6
mus; LMAN, lateral magnocellular nucleus of the anterior neostria- mV, final Vm  58.7  0.6 mV, t(34)  3.02, p  .003;
tum; RA, robust nucleus of the archistriatum. this slight positive shift would be expected to slightly
(B) Exemplar intracellular recording of an HVC X-projecting neuron
augment synaptically evoked hyperpolarizations; seeactivated by BOS playback. Note the hyperpolarization underlying
Experimental Procedures for initial and final time pointphasic BOS-evoked firing. Top 7 records are raw membrane poten-
values). GTPS application rapidly (5–20 min) eliminatedtial traces in response to 7 consecutive iterations of BOS. The PSTH
below the raw records shows the cumulative spiking over these BOS-evoked hyperpolarizations in 30 of 35 cells, while
iterations (25 ms bin width), and the trace below that shows the reducing it in the other 5 cells (Figures 2A [top right],
median-filtered membrane potential average of the raw records. 2B [circles], and 2C). In parallel with the elimination of
Bottom record is an oscillogram of the BOS. RS, response strength; hyperpolarizing responses, prolonged depolarizing re-
Zh, hyperpolarizing z score, see Experimental Procedures. sponses were evoked by BOS playback (Figures 2A [top
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right], 2B [circles], and 2C). These results suggest to us To test for chloride-mediated inhibition, we loaded
that the phasic subthreshold depolarizations seen in another group of cells with calixarene, a compound that
untreated X-projecting cells arise due to a synaptic inter- blocks chloride channels internally in other systems
action of prolonged excitation and inhibition, rather than (Hefti and Smith, 2000) and which we observed could
prolonged inhibition interacting with highly phasic syn- successfully eliminate GABAA-mediated synaptic inhibi-
aptic excitation. tion elicited in vitro in the song nucleus LMAN (R.M.,
Several observations indicate that GTPS treatment unpublished data). This treatment had no effect on song-
specifically interfered with GIRK signaling in X-pro- evoked hyperpolarizations (Figures 2A [bottom right]
jecting cells. First, consistent with the idea that GTPS and 2B [black diamonds]), indicating that the major por-
treatment activates a strong outward current, the posi- tion of the song-evoked hyperpolarizations we observed
tive current we needed to inject through the recording when cells were at their normal resting potentials did
electrode to maintain Vm near 60 mV increased signifi- not involve GABAA receptors.
cantly over time (initial 197  52 pA, final 401  To detect any cryptic GABAA-mediated inhibition, we
49 pA, t(34)  3.32, p  .001; see Experimental Proce- also recorded from X-projecting cells with pipettes con-
dures for initial and final time point values). Second, taining potassium chloride and GTPS. After waiting for
when current injection was discontinued briefly near the GTPS to occlude GIRK-mediated inhibition, we chlo-
final time point, the membrane potential immediately ride-loaded cells by passing negative current (1 nA)
shifted to a value closer to EK (with current  58.3  through the recording electrode for several minutes.
0.9 mV, without current  80  2.1 mV, t(15)  10.80, Such treatment would be expected to briefly shift chlo-
p  .0001). Third, similar recordings we made from ride equilibrium, displacing it positively from Vrest, render-
X-projecting neurons in brain slices showed that intra- ing chloride-mediated IPSPs transiently depolarizing
cellular GTPS application led to pronounced negative and excitatory. Indeed, in 3 of 6 cells treated in this
shifts in membrane potential mirrored by marked de- manner, the strength of the BOS-evoked firing response
creases in input resistance, consistent with activation (measured immediately after ceasing negative current
of an outward current (n  9 cells; Vinitial  64.2  1.4 injection) transiently increased with respect to BOS re-
mV, Vfinal  84.9  1.2 mV, t(8)  10.90, p  .0001; sponses measured prior to current injection (for these
Rinitial  57.7  8.8 M, Rfinal  31.7  2.7 M, t(8)  3.1, 3 cells, response strength (RS): preinjection  1.99 
p .008). When taken with the finding that song-evoked 0.30, postinjection  5.05  1.11; data not shown; RS
inhibition in X-projecting cells is both potassium medi- measures the mean song-evoked firing rates normalized
ated and dependent on G protein signaling, these vari- by mean baseline firing rates; see Experimental Proce-
ous results suggest that GTPS treatment occludes dures). These effects hint at an additional contribution
BOS-evoked GIRK signaling in these cells. of chloride currents to song-evoked inhibition. However,
We also treated another set of X-projecting cells with as the major component of BOS-evoked hyperpolarizing
the nonhydrolyzable GDP analog GDPS, which leads inhibition appears to be GIRK mediated, we used
to the permanent closure of GIRK channels in other GTPS, GDPS, or cesium to assess the role of hyperpo-
systems, blocking endogenous GIRK-mediated synap- larizing inhibition in shaping song-evoked firing in
tic inhibition (Kurachi et al., 1986a). This treatment also X-projecting cells.
blocks both GABAB- and mGluR-mediated inhibition in
X-projecting neurons in vitro (Dutar et al., 2000). GDPS
Inhibition Alters BOS-Evoked Firing: Evidenceapplication rapidly (5–15 min) eliminated BOS-evoked
against Simple Thresholdinghyperpolarizations in 10 of 10 cells (Figures 2A [bottom
We were curious to know whether inhibition stronglyleft] and 2B [circles]). As with GTPS treatment, the loss
recruited by the BOS serves to actively shape BOS-of the BOS-evoked hyperpolarizations was accompa-
evoked firing. Having identified the major source ofnied by the emergence of prolonged depolarizing re-
song-evoked hyperpolarizing inhibition in X-projectingsponses to song playback. Unlike GTPS-treated cells,
cells, we used intracellular application of GTPS to de-the membrane potential of these GDPS-treated cells
termine whether this inhibition influenced firing activityremained constant throughout the recording period,
of X-projecting neurons in response to BOS playback.suggesting that although GIRK channels contribute to
With BOS-evoked hyperpolarizations eliminated, weBOS-evoked hyperpolarizations, they do not contribute
saw that the firing response strength to BOS significantlysubstantially to the resting membrane potentials of
increased when compared to responses measured atX-projecting neurons (Vinitial  60.8  0.6 mV, Vfinal 
the initial recording time point (Figures 2C, 3A, and 4A;61.8  0.7 mV, t(9)  1.19, p  .13).
initial  1.93  0.52, final  5.61  1.11, t(34)  4.39,Although the effects of disrupting putative GIRK sig-
p  .0001). Control neurons recorded without drugsnaling in X-projecting cells were dramatic, and GTPS
showed no change in RS over a similar time spanor GDPS treatment eliminated much or all of the net
(initial 1.13 0.34, final 0.95 0.33, t(24) 0.48, pBOS-evoked hyperpolarizations we measured in X-pro-
.68). Although the RS measure normalizes for changes injecting cells, song-evoked inhibition may involve addi-
baseline firing, it is notable that the prestimulus baselinetional mechanisms. In fact, resting potentials of X-pro-
firing rate (FRbaseline) actually decreased in both treatedjecting cells fall within or slightly below the range of
and control cells measured over similar periods (FRbaselinereversal potentials typical for GABAA-mediated chloride
control cells, initial 7.02 0.82 Hz, final 4.63 0.64currents (60 to 75 mV) (Mooney, 2000). Therefore,
Hz, t(24)  3.38, p  .001; FRbaseline GTPS cells, initial IPSPs mediated by these receptors might be too small
9.79  1.87 Hz, final  4.90  0.78 Hz, t(34)  2.34,in amplitude to detect, or they may even appear as
subthreshold depolarizations. p  .01; see Table 1 for RS and FR measures for all
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Figure 2. Song-Evoked Inhibition in X-Projecting Cells Is Primarily Potassium Dependent and Mediated by G Proteins
(A) Examples of median-filtered trace averages (top and middle) in response to BOS playback (bottom) from four X-projecting cells treated
with various inhibitory blockers or occluders. The potassium channel blocker cesium eliminated BOS-evoked inhibition, revealing underlying
excitation (n  6/7 cells, hyperpolarizing Z scores (Zh): initial  1.29  0.16, final  0.69  0.34, t(6)  6.14, p  .0004), as did GTPS (n 
30/35 cells, Zh: initial  1.44  0.21, final  1.01  0.16, t(34)  10.69, p  .0001) and GDPS (n  10/10 cells, Zh: initial  1.48  0.26,
final  0.74  0.46, t(9)  3.93, p  .002). The internal chloride-channel blocker calixarene did not affect BOS-evoked inhibition over time
(n  5/5 cells, Zh: initial  0.53  0.26, final  1.21  0.40, t(4)  1.25, p  .14). Initial and final records are each the average response
to 5–10 BOS presentations. Difference between initial and final times: cesium, 5 min; GTPS, 14 min; GDPS, 5 min; calixarene, 116 min.
(B) The hyperpolarizing response to BOS (Zh score) was replaced by depolarization in 44 of 50 cells (white circles) treated with cesium, GTPS,
or GDPS, and decreased in magnitude but remained hyperpolarizing in 6 other cells (gray circles; all cells Zh initial: 1.66  0.27, final:
0.89  0.14, t(49)  9.78, p  .0001). The hyperpolarizing response persisted unchanged in 5 calixarene-treated cells (black diamonds; Zh
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treatments. Such decreases might be expected as cells cell. Therefore, we quantified changes to BOS-evoked
firing patterns in both treated and control cells in fourstabilized following impalement with the recording elec-
trode). Thus, this effect was not simply due to an in- ways: (1) by performing a within-cell chi-square analysis
of BOS-evoked firing patterns at initial and final timecrease in spontaneous levels of excitability.
In contrast to the overall increase in RS seen in points; (2) by measuring p values from within-cell com-
parisons of the spike trains evoked at initial and finalGTPS-treated cells, the bin in which the BOS initially
elicited the strongest response (i.e., the instantaneous time points and using these p values to construct a
cumulative distribution for the two groups; (3) by plottingmaximum firing rate (FRPeak)) did not consistently in-
crease when inhibition was occluded (initial  63.45  BOS-evoked interspike interval distributions at initial
and final times for the two groups; and (4) by comparing7.46 Hz, final  62.78  9.62 Hz, t(34)  0.24, p 
.41; of 35 cells, 16 decreased, 17 increased, 2 did not the amplitude and timing of all peaks in firing during
BOS playback at initial and final time points. All of thesechange). Therefore, although excitatory peaks could be
maintained following GTPS treatment, they were not comparisons showed that disrupting GIRK signaling in
X-projecting neurons altered their firing patterns in aalways augmented and actually often decreased, de-
spite consistent increases in mean BOS response manner not accounted for by the control data, while also
revealing that certain patterns of firing could persist.strength.
Another approach to examining the function of BOS- In the first analysis, the chi-square value indicates
the magnitude of difference in the shapes of the PSTHevoked hyperpolarizations in the generation of song-
evoked firing is simply to block GIRK-mediated inhibi- profiles (between initial and final time points) during BOS
playback. By this measure, cells treated with eithertion altogether, rather than to occlude it. Therefore, we
loaded 10 cells with GDPS, which, as noted above, GTPS, GDPS, or cesium changed their firing patterns
significantly more than did control cells measured overabolished BOS-evoked hyperpolarizations and gave
way to purely depolarizing responses in GDPS-treated similar time spans (Figure 4B; examples in Figure 3).
Such changes to the distribution of spike times wouldcells over the time of the recording (Figures 2A [bottom
left] and 5A). Similar to GTPS-treated cells, the firing not be expected from a simple scaling of the BOS-
evoked firing pattern and instead suggested to us thatRS increased upon inhibitory block with GDPS (Figure
4A; examples in Figures 5A and 7A; initial 0.90 0.69, an interaction of inhibition and excitation sculpts the
pattern of BOS-evoked firing seen in X-projecting cells.final  2.82  0.57, t(9)  2.77, p  .01). Again, as
with GTPS treatment, these effects were not due to an To better quantify the nature of these changes and
to assess not only the relative proportion of those fea-overall excitability increase, as both prestimulus base-
line (i.e., spontaneous) and instantaneous maximum fir- tures that changed but also those that persisted, we
divided individual spike trains used to generate the initialing rates actually decreased from initial to final recording
time points (Figure 5A; FRbaseline (Hz): initial 4.71 1.28, and final time point PSTHs into 100 ms windows, normal-
ized for baseline firing rate, and estimated p values forfinal  1.72  0.47, t(9)  3.11, p  .007; FRpeak (Hz):
initial  72.64  12.04, final  55.68  8.92, t(9)  3.31, changes in spike count in each window in every treated
and control cell. Resultant p values were used to gener-p .005). As with the GTPS-treated cells, these effects
point away from simple thresholding processes, where ate cumulative probability distributions for the two
groups, which revealed a roughly 4-fold greater numberbaseline firing rates and all stimulus-evoked supra-
threshold peaks seen initially might be expected to in- of significant changes in the BOS-evoked firing pattern
in treated versus control cells (Figure 4C; these distribu-crease following inhibitory disruption. Instead, these re-
sults suggest to us that stimulus-dependent activation tions were significantly different at p  0.0001, Kolmo-
gorov-Smirnov goodness-of-fit test; although a highlyof endogenous G protein-coupled inhibition in X-pro-
jecting cells actively shapes the pattern of their BOS- conservative Bonferroni correction for multiple compari-
sons reduced the overall number of significant p valuesevoked firing in a complex manner (see Discussion).
The idea that BOS-evoked firing patterns actually did in treated cells [from 25% to 14%], it reduced significant
p values even more so in control cells [from 8% to 1%],change upon inhibitory disruption stemmed from our
observation that the mean BOS response strength could revealing an ever greater [14-fold] difference in signifi-
cant changes in treated versus control cells). In addition,increase without consistent increases in instantaneous
maximum firing rates and from the differences we noted this analysis also captures the proportion of time win-
dows in the treated cells where initial patterns persistedby simply superimposing poststimulus time histograms
(PSTHs) at initial and final time points in the recording (75%), a feature which, when combined with the pat-
terned depolarizing responses we observed after inhibi-(e.g., Figure 3). Two challenges to quantifying these
changes is that the songs used as stimuli in these experi- tory disruption, points to a patterned excitatory input
activated by BOS playback.ments were unique to each experimental animal, and
the song-evoked firing patterns were unique to each In order to better assess any changes in the instanta-
initial: 0.53  0.26, final: 1.21  0.40, t(4)  1.25, p  .14).
(C) BOS-evoked responses of a cell treated with GTPS at initial and final times during treatment. Subthreshold excitation to BOS emerged
over time. The firing response strength (RS; see Experimental Procedures) to BOS also increased and the baseline firing rate decreased (also
true for the population of similarly treated cells, see Figure 4A). Note that the firing pattern evoked by the BOS changed (also true for the
population, see Figures 3A, 3B, 4B–4D). Upper panels are action potential PSTHs (25 ms time bins), middle traces are median-filtered trace
averages, and lowest trace is song oscillograms.
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Figure 3. Disrupting Inhibition in X-Projecting Neurons Alters Their BOS-Evoking Firing Patterns
BOS-evoked firing patterns changed for GTPS-treated (A) and GDPS-treated (B) cells, but not for control cells (C). In the left column,
overlaid PSTHs (top) depict initial (black) and final (red) firing patterns. In drug-treated cells, some peaks persisted, while others disappeared
and new peaks emerged above baseline firing rate (horizontal line). Some of these new peaks arose at time points where the cell had previously
been silent. Plots of p values (left column, middle) show the significance levels of changes for each 100 ms bin. Arrows indicate points where
significant or near-significant changes occurred. The right column for each treatment shows overlaid raw records of initial (top) and final
(bottom) time points that correspond to the shaded (grey) regions in the PSTHs to the left. An oscillogram of the BOS is depicted in the
bottom of each panel.
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Figure 4. Disrupting Inhibition Significantly Changes the BOS-Evoked Firing Patterns in X-Projecting Neurons
(A) BOS-evoked RS increased in cells treated with disruptors of G protein, potassium-mediated inhibition. Treatment with GTPS, GDPS, or
cesium increased BOS-evoked RS, while responses in untreated cells did not change across similar time spans (also see Table 1). Bars depict
mean  SEM.
(B) Changes in overall pattern of firing within cells were quantified using a 	2 independence-of-distribution analysis. Drug-treated cells changed
their firing patterns significantly more than did control cells [overall ANOVA F(3)  3.70, p  .02; individual unpaired comparisons: GTPS
versus ctrl: t(58)  3.23, p  .002; GDPS versus ctrl: t(32)  2.62, p  .01; cesium versus ctrl: t(30)  3.40, p  .002; all drugs versus ctrl:
t(74)  3.17, p  .002].
(C) Cumulative distributions of p values from paired comparisons of BOS-evoked spike trains at initial and final time points (100 ms bins;
examples of the p values contributing to these distributions are shown in Figure 3 [left column]). Dotted lines show the proportion of bins
from control (black) and treated (gray) cells in which the amount of spiking changed significantly (at the p  .05 level).
(D) Distribution of interspike intervals during BOS playback for treated (top) and control cells (bottom) at initial (black) and final (gray) times.
Instantaneous firing rates increased above 20 Hz in treated cells but not controls, suggesting that hyperpolarizing inhibition regulates high-
frequency firing patterns in X-projecting HVC neurons.
neous features of BOS-evoked firing, we also measured icantly in relation to all ISIs). This analysis indicates that
disruption of inhibition was accompanied not only bythe interspike intervals (ISIs) during the stimulus at initial
and final times. These comparisons showed significant an increase in mean firing rate during BOS playback, but
also by a disproportionate increase in high-frequencychanges in the treated cells that were not characteristic
of control recordings (Figure 4D). Specifically, the pro- firing, a feature that would suggest that these cells are
not at spike frequency saturation at the initial time pointportion of short ISIs (0.05 s [i.e., frequency 
 20 Hz])
in relation to all ISIs increased in treated cells, but not in the recording. Additionally, during BOS playback the
variability of the ISIs (measured by their standard devia-in controls (although in controls, the proportion of ISIs
between 0.05 and 0.025 s [20–40 Hz] did decrease signif- tion) significantly increased over time in drug-treated
Neuron
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Table 1. BOS-Evoked Action Potential Discharge Characteristics in Treated and Control Neurons
Response Strength FRbaseline (Hz) FRBOS (Hz) FRpeak (Hz)
Treatment n Initial Final Initial Final Initial Final Initial Final
GTPS 35 1.93  0.52 5.61  1.11a 9.8  1.9 4.9  0.8b 11.4  1.2 11.8  2.9 63.5  7.5 62.8  9.6
GDPS 10 0.90  0.69 2.82  0.57b 4.7  1.3 1.7  0.5b 6.0  1.1 4.9  0.9 72.6  12.0 55.7  8.9b
Cesium 7 0.81  1.08 2.61  1.51c 6.9  1.5 9.6  5.5 7.7  1.5 9.3  2.5 56.6  11.7 57.9  13.2
Control 25 1.13  0.34 0.95  0.33 7.0  0.8 4.6  0.6d 8.0  0.8 6.4  0.7b 55.4  6.0 53.4  6.2
a p  .0001
b p  .01
c p  .05
d p  .001
cells (initial 0.14 0.01 s, final 0.16 0.14 s; t(50) shape the amount and timing of firing during the phasic
responses characteristic of X-projecting neurons.1.68, p  .049), contrasting with control recordings
(initial  0.12  0.01 s, final  0.13  0.01 s; t(24) 
.65, p  .26), although ISI variability measured only dur- Obligatory versus Episodic Priming
In HVC, inhibitory priming has been suggested to explaining peaks of firing (“peaks” are defined in Experimental
Procedures) did not change (initial  0.016  0.001 s, highly nonlinear firing to syllable sequences in the BOS
(Lewicki, 1996). Priming could be obligatory for anyfinal 0.014 0.002 s; t(41) 1.05, p .15). This effect
on spike-time variability suggests that endogenous BOS-evoked firing to occur, in which case blocking
BOS-evoked hyperpolarizations should abolish all BOS-GIRK-mediated inhibition may regulate the precision of
spike timing at some points during BOS playback in evoked firing. Alternatively, priming could be episodic,
in which case blocking BOS-evoked hyperpolarizationsX-projecting neurons.
Phasic firing in response to BOS playback is a notable might abolish or strongly diminish some PSTH peaks
during BOS playback, but not others.feature of X-projecting neurons. To gauge whether and
how much inhibition regulates this phasic firing, we iden- Obligatory priming is unlikely to be a mechanism un-
derlying all BOS-evoked spike generation in X-pro-tified all firing peaks (defined in Experimental Proce-
dures) evoked initially by the BOS and examined jecting cells, as BOS-evoked firing persisted and actu-
ally increased in both GTPS- and GDPS-treated cells,whether they changed over the duration of the recording
in both drug-treated and control cells (see Experimental despite the abolition of their BOS-evoked hyperpolariza-
tions. However, we were able to test directly for obliga-Procedures). In fact, when all drug-treated cells were
grouped together, 28% of peaks increased in amplitude, tory priming by exploiting the constitutive activation of
GIRK signaling in GTPS-treated cells and the resulting57% decreased, and 15% did not change. Similarly, the
timing of a substantial subset (33%) of excitatory peaks hyperpolarizing effects of this compound on membrane
polarity. In this treatment group, we observed that BOSalso was affected in treated cells, while 67% remained
stable. These values differed significantly from control playback triggers relatively tonic synaptic excitation, as
more prolonged BOS-evoked depolarization and firingcells, where only 10% of peaks increased, 81% de-
creased, and 9% did not change (	2(2) 50.1, p .0001) could be detected when inhibition was disrupted (and
when the cell’s membrane potential was maintainedand only 18% shifted their time of response, while 82%
remained stable (	2(1)  45.5, p  .0001). Additionally, 60 mV by current injection). Furthermore, the cell
immediately shifted to a more negative potential whenat the final time point in drug-treated cells, 24% of total
peaks emerged in time bins that had not previously we ceased applying tonic-positive current, potentially
placing the cell in a more primed state. Given these twoelicited a response, while only 10% of total peaks
emerged over a similar time in control recordings. features, an obligatory priming process would generate
even more BOS-evoked firing when we stoppedWhen the drug-treated group was further split into
GDPS versus GTPS-treated cells, we noticed that applying tonic current, at least if cells were not too hy-
perpolarized to prevent excitation from reaching spikepeak behavior was more potently diminished in the for-
mer group (GDPS: 76% of peaks decreased in ampli- threshold altogether.
In contrast to an obligatory priming model, such en-tude, 13% increased, 11% did not change; GTPS: 54%
of peaks decreased, 30% increased, 16% didn’t change; hanced firing was not observed at more negative mem-
brane potentials. In 16 GTPS-treated cells, we ceased	2(2)  6.8, p  .03). Such an effect might be expected
if peak firing arose in part through a priming process tonic current injection after establishing that BOS-
evoked hyperpolarizations had been blocked, causing(see next section), as GDPS treatment blocks hyperpo-
larizing potassium currents altogether, whereas GTPS the membrane potential to drop significantly (with
current  58.3  0.9 mV, current removed  80 treatment constitutively activates them. Ultimately,
these various analyses show that a significant subset 2.1 mV, t(15)  10.80, p  .0001). However, at the more
negative membrane potential, the mean and instanta-of firing peaks are affected by disrupting GIRK-mediated
inhibition and that a majority of peaks arise through the neous maximum firing rates decreased markedly during
BOS playback, while the BOS-evoked firing RS re-action of patterned excitation. These results are consis-
tent with the idea that rather than inhibition simply scal- mained approximately the same (Figure 5B; FRBOS (Hz):
with current  9.38  1.71, current removed  4.58 ing peak responses, inhibition and excitation interact to
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Figure 5. GDPS and GTPS Treatments Argue against Simple Thresholding and Obligatory Priming Mechanisms
(A) GDPS-treated cells show increased mean BOS-evoked firing RS and decreased instantaneous maximum firing, inconsistent with a simple
thresholding process. Two examples of cells responding to BOS at initial (top) and final (bottom) time points of inhibitory blockade with
GDPS. For these and the sample of similarly treated cells (n  10), membrane potentials remained constant without current injection. Firing
RS increased while both baseline and instantaneous maximum firing rates decreased (also see Table 1).
(B) GTPS-treated cells with maximally activated inhibition are not “primed” to fire. Two examples of cells responding to BOS after GTPS
had taken effect, with and without tonic positive current injection. Although cells significantly hyperpolarized when holding current was turned
off, BOS-evoked firing RS marginally decreased (postdrug  5.61  0.97, current removed  4.41  1.67, t(15)  1.56, p  .07), suggesting
that hyperpolarization does not prime the cell. There were also decreases in baseline FR (postdrug  5.15  1.10 (Hz), current removed 
1.60  0.77 (Hz), t(15)  3.54, p  .001), BOS-evoked FR (postdrug  9.38  1.71 (Hz), current removed  4.58  1.78 (Hz), t(15)  2.60, p 
.009), and instantaneous maximum FR (postdrug  62.78  9.62 Hz, current removed  33.60  8.03 Hz, t(15)  2.05, p  .03).
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1.78, t(15)  2.60, p  .009; FRPeak (Hz): with current  other stimuli, in addition to shaping BOS-evoked firing
patterns.62.78  9.62, current removed  33.60  8.03, t(15) 
2.05, p  .03; RS: with current  5.61  0.97, current One limitation of using averaged membrane potential
records to assess synaptic mechanisms is that theyremoved 4.41 1.67, t(15) 1.56, p .07). In addition,
baseline firing rates also declined, although they re- reflect net synaptic drive, making it unclear whether the
failure of a stimulus to evoke subthreshold responsesmained at the value for control recordings from these
cells (Mooney, 2000) (FRBaseline (Hz): with current 5.15 simply reflects a lack of any evoked synaptic activity or
instead that inhibition and excitation are evoked but1.10; current removed  1.60  0.77, t(15)  3.54, p 
.001). Given that both spontaneous and stimulus-evoked cancel each other out. In a prior study, average mem-
brane potential records from X-projecting cells showedfiring could still be detected (e.g., Figure 5B), but the
overall suprathreshold response evoked by the BOS that hyperpolarizations were most strongly evoked by
the BOS, rather than BOS-REV, hinting that synapticactually decreased at more negative resting potentials,
priming is not an obligatory mechanism for all BOS- inhibition may be most strongly recruited by the BOS
(Mooney, 2000). Here we also observed such responseevoked firing in the X-projecting cells we tested.
These results do not rule out the possibility that prim- differences and also noted that hyperpolarizing re-
sponses to BOS-RO were intermediate between thoseing contributes to the generation of some but not all of
the peaks in the BOS-evoked firing patterns of a given evoked by BOS and BOS-REV (Figures 7A, initial time
point, and 7B, initial time point, bottom panel). However,cell. Indeed, as mentioned previously, peak firing di-
minished more greatly over time in GDPS- versus without measuring excitation alone, we could not deter-
mine whether these differences arose because excit-GTPS-treated cells, which might be expected if GDPS
treatment blocked GIRK-mediated hyperpolarizations atory inputs are graded or because excitation is equiva-
lently recruited by all three stimuli but preferentiallyextensively throughout the cell. Therefore, to search
more systematically for such “episodic” priming, we ex- suppressed for the nonpreferred stimuli by graded inhi-
bition.amined the subset of peaks in the PSTH at the initial
time point in GTPS- or GDPS-treated cells that were To test whether the GIRK-mediated inhibition onto
X-projecting neurons disproportionately suppresses un-preceded by pronounced membrane hyperpolarization,
as this pattern had been hypothesized previously to derlying excitation to nonpreferred stimuli, such as BOS-
REV and BOS-RO, we measured the subthreshold depo-reflect a priming process (Lewicki, 1996). In the majority
of these peaks (61%), the action potential bursts associ- larization and firing responses unmasked by inhibitory
disruption with GTPS or GDPS. We found that whenated with the membrane hyperpolarization diminished
or disappeared altogether between the initial and final inhibition was blocked (as with GDPS) or occluded (as
with GTPS), an underlying subthreshold excitation wastime points of the recording, i.e., as the hyperpolarizing
component of the BOS-evoked response was lost (Fig- unmasked that was graded in magnitude, being greatest
for the BOS, intermediate for the BOS-RO, and smallestures 6A and 6B). However, a substantial fraction of these
peaks (33%) actually increased over the same period, for the BOS-REV (Figures 7A [final time point] and 7B
[middle panel]) [F(2)  8.28, p  .0005; BOS versus RO:even in cells that showed evidence of priming-like be-
havior for other peaks (Figure 6B). Notably, more hyper- t(27)  3.06, p  .003; RO versus REV: t(27)  3.03, p 
.003]. This graded relationship is also visible in Figurespolarization-related peaks diminished in cells treated
with GDPS (84% decreased, 5% increased) than 8A and 8C [left panels, open circles], showing a larger
unmasked excitation for BOS than BOS-RO and noneGTPS (59% decreased, 36% increased), consistent
with the idea that blocking GIRK channels (with GDPS) for BOS-REV (BOS: initial0.28 0.17, final 1.97
0.19, t(50)  9.88, p  .0001; RO: initial  0.14  0.20,particularly disrupts episodic priming. These more quali-
tative results indicate that episodic priming is likely to final  1.76  0.22, t(27)  5.63, p  .0001; BOS versus
RO initial: t(27)  1.13, p  .14, final: t(27)  3.06, p occur at certain points in the BOS-evoked response,
but does not consistently account for all of the PSTH .003; REV: initial  0.76  0.09, final  0.98  0.15,
t(50)  1.64, p  .05). That the unmasked depolarizingpeaks, even in those action potential bursts clearly pre-
ceded by membrane hyperpolarization. responses reflect excitatory drive is supported by
graded changes in firing response strength, where the
increase in firing after inhibitory block was greatest forSpecificity of Inhibition to BOS: Evidence against
the BOS, marginally significantly less for the BOS-RO,Suppression of Nonpreferred Stimuli
and significantly less for the BOS-REV (Figures 7A andA hallmark of auditory-evoked activity in HVC is the
7B [top panel]) [F(2)  4.25, p  .02; BOS versus RO:strong firing bias to the BOS, especially in contrast to
t(26)  1.56, p  .06; RO versus REV: t(26)  4.61, p the weak firing evoked by temporally manipulated ver-
.0001]. Again, this can be seen in Figures 8A and 8C [rightsions of the BOS (i.e., reversed BOS [BOS-REV] or BOS
panels, open squares], showing a stronger increase inwith syllables presented in reversed order [BOS-RO]) or
firing to BOS than BOS-RO, and no increase to BOS-the songs of other birds (Lewicki and Arthur, 1996). In
REV (BOS: initial  1.70  0.39, final  4.78  0.79,other sensory systems, inhibition evoked by nonpre-
t(50)  5.09, p  .0001; RO: initial  1.39  0.56, final ferred stimuli plays a major role in shaping stimulus
4.25  1.56, t(27)  2.50, p  .01; BOS versus RO initial:specificity (Faingold et al., 1991; Fujita and Konishi,
t(27)  0.33, p  .37, final: t(27)  2.10, p  .02; REV:1991; Hartings and Simons, 2000; Sillito, 1975; Yokoi et
initial 1.22 0.26, final 1.12 0.55, t(50) 0.26, pal., 1995). We sought to address whether the hyperpolar-
.40). Therefore in these cells, GIRK-mediated inhibitionizing inhibition we disrupted with GTPS or GDPS con-
tributes to this strong response bias to the BOS over does not appear to shape response biases by differen-
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Figure 6. Peaks in Firing that Are Preceded by Hyperpolarization Could Either Increase or Decrease upon Inhibitory Disruption
(A) An example from one cell at initial (top) and final (bottom) times of treatment with GTPS, in which a peak in firing decreases in magnitude,
consistent with episodic priming. Left panels depict raw overlaid traces during a segment of BOS playback corresponding to shaded regions
from the PSTHs to the right. Median-filtered trace averages, with baseline membrane potential indicated by a dashed line, are below raw
traces to indicate the relative negativity of the cell at both initial and final times. Below both raw records and PSTHs are oscillograms of the
BOS.
(B) Responses from a single cell highlighting two firing peaks that were affected oppositely by drug treatment. The left panel shows the raw
records from a PSTH peak that decreased, while the rightmost panels shows the raw records from another PSTH peak that increased. This
result suggests that, within a single cell, synaptic inhibition may affect firing patterns in different ways over the time course of BOS playback.
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Figure 7. Both Inhibition and Excitation Are Recruited in a Graded Fashion for BOS versus BOS Temporal Variants
(A) An example of a cell before and after inhibition was blocked with GDPS, where firing RS, underlying inhibition, and (after blockade)
underlying excitation are greatest to the BOS, smaller to the BOS-RO, and minimal to the BOS-REV.
(B) The sample of neurons tested exhibited graded responses to the three BOS variants. Top panel: upon inhibitory disruption, the firing
response strength increased marginally more to the BOS than the BOS-RO, and more to the BOS-RO than the BOS-REV. Inhibitory disruption
significantly increased RS to the BOS and BOS-RO, but not to the BOS-REV (Wilcoxon paired ranks: BOS, p  .0001; BOS-RO, p  .0001;
BOS-REV, p  .08). Bars are depicted separately for GTPS- and GDPS-treated cells to illustrate that GTPS-treated cells did not show a
strong firing bias to the BOS over other stimuli, likely because they were held at depolarized potentials (this effect of membrane potential on
selectivity is elaborated in C). Middle panel: after inhibitory disruption, the unmasked subthreshold excitation (measured by depolarizing Z
scores (Zd)) was largest to the BOS, smaller to the BOS-RO, and smallest to the BOS-REV. Inhibitory disruption significantly increased
depolarization to the BOS and BOS-RO, but not to the BOS-REV (Wilcoxon paired ranks: BOS, p  .0001; BOS-RO, p  .0001; BOS-REV,
p  .15). Bottom panel: before inhibitory disruption, subthreshold hyperpolarization (measured by Zh scores) was largest to the BOS, smaller
to the BOS-RO, and smaller yet to the BOS-REV (BOS  1.64  0.27, BOS-RO  0.81  0.13, t(27)  3.05, p  .002; BOS-REV  0.51 
0.12, t(27)  4.88, p  .0001). Afterwards, hyperpolarization was not evoked by any stimulus [ANOVA: F(2)  0.11, p  .90], and the remaining
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Figure 8. The Role of Inhibition in Shaping
the Selectivity of X-Projecting Neurons for the
BOS over Its Temporal Variants
Disrupting inhibition preferentially alters
BOS-evoked firing, increasing the bias for the
BOS over its temporal variants (BOS-REV and
BOS-RO).
(A) Upon inhibitory disruption, subthreshold
depolarizations (measured by Zd scores) in-
creased to the BOS, but not to the BOS-REV,
indicated by a rightward but not an upward
shift in the left panel. Similarly, firing response
strength increased to the BOS but not to the
BOS-REV, shown by a similar shift in the right
panel.
(B) Firing response bias for BOS over BOS-
REV, as measured by d values, increased
from initial to final time points during drug
treatment, indicated by a shift above the di-
agonal line (left). The d remained unchanged
in control cells recorded either without drug
(black squares) or with the chloride channel
blocker calixarene (white squares), as points
are scattered about the diagonal (right).
(C) Upon inhibitory disruption, subthreshold
depolarizations (measured by Zd scores) in-
creased to both the BOS and the BOS-RO,
indicated by a rightward and upward shift in
the left panel. However, the shift was greater
for the BOS than BOS-RO (black circles upon
the diagonal, open circles to the right of the
diagonal; see also Figure 7B). Similarly, firing
RS increased to both the BOS and the BOS-
RO, shown in the right panel. As with the sub-
threshold depolarizations, the shift was
greater for the BOS than BOS-RO (see also
Figure 7B).
(D) Firing response bias for BOS over BOS-
RO, as measured by d values, increased from
initial to final time points during drug treat-
ment, indicated by a shift above the diagonal
line (left). The d remained unchanged in cells
recorded without drug, with points scattered
about the diagonal (right). Scatterplots con-
tain data from all cesium-, GTPS-, and
GDPS-treated cells.
sub- and suprathreshold excitatory responses were graded (BOS 
 BOS-RO 
 BOS-REV). Inhibitory disruption significantly decreased
hyperpolarization to all three stimuli (Wilcoxon paired ranks: BOS, p  .0001; BOS-RO, p  .0001; BOS-REV, p  .03).
(C) Resting membrane potential affects the firing RS to the BOS but not the BOS-REV. Control cells at more depolarized potentials had lower
RS measures to the BOS than those at hyperpolarized potentials, indicated by a significant negative correlation of RS to Vrest. This effect is
consistent with the lack of graded RS across song stimuli seen in cells treated with GTPS (B, top panel), as they were held at depolarized
potentials.
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tially suppressing otherwise equivalent amounts of exci- BOS evokes both patterned inhibition and excitation,
rather than inhibition establishing de novo a patternedtation evoked by various stimuli.
response biased to the BOS. The temporal features ofIn fact, for the sample of X-projecting cells we exam-
the response are dictated largely by BOS-evoked excita-ined, neither G protein-coupled inhibition nor synaptic
tion, yet the varying weight of hyperpolarizing inhibitionexcitation appears to be recruited significantly by BOS-
over the time course of the song alters when and howREV. One consequence of this arrangement is the strong
much the cell fires. This effect is unlikely to involveeffect of membrane potential on RS for BOS, but not
simple thresholding, obligatory postsynaptic priming,BOS-REV (Figure 7C). Indeed, suppression below base-
or the inhibitory suppression of nonpreferred stimuli.line firing rates during BOS (but not BOS-REV) playback
Instead, the present data indicate that GIRK-mediatedhas been noted previously, at least for X-projecting cells
inhibition shapes firing responses of X-projecting cells“held” by current injection in a relatively more depolar-
via more complex thresholding and episodic priming.ized state (Mooney, 2000). Such voltage-dependent be-
Although GIRK-mediated inhibition in other systemshavior also likely explains why GTPS-treated cells,
evolves with a slow time course (Mark and Herlitze,which were injected with positive current to maintain
2000), disrupting it in X-projecting cells nonetheless af-their membrane potentials60 mV (slightly above nor-
fected their firing precision. When inhibition was dis-mal resting values), showed RS values nearly equivalent
rupted, ISI variability increased throughout BOS play-to the three stimuli (Figure 7B [top panel]). Such near-
back, and a portion of peaks in BOS-evoked firingequivalent responsiveness was not seen in either
shifted in time, consistent with a hyperpolarization-GDPS-treated cells (Figure 7B [top panel]) or control
dependent augmentation of spike precision noted pre-cells (not shown), which were monitored without current
viously in mammalian cortical neurons (Mainen andinjection.
Sejnowski, 1995). In addition, other inhibitory currents,One consequence of this synaptic organization in HVC
specifically GABAA-mediated chloride currents, mayis that GIRK-mediated inhibition acts to suppress the
further influence the BOS-evoked response, as chloride-suprathreshold response bias to the BOS, rather than
loading cells in which G protein signaling had been dis-to actively enhance it. One way the disproportionate
rupted could further affect BOS-evoked firing. In X-pro-inhibitory suppression of BOS-evoked firing can be rep-
jecting cells, this combination of slow and fast inhibitionresented is with a d statistic, which compares mean
may enable temporal integration across a wide varietyRS values to two different stimuli (see Experimental Pro-
of time scales (Lewicki and Arthur, 1996).cedures). After inhibitory disruption, selectivity as mea-
Several lines of evidence suggest that the song-sured with d values increased for the BOS versus either
evoked inhibition we disrupted arises from HVC’s localBOS-RO or BOS-REV (Figures 8B and 8D), whereas un-
circuit. First, song-evoked inhibition in X-projecting cellstreated control cells showed no change over the dura-
correlates strongly with firing in HVC interneurons (Moo-tion of the recording (drug-treated cells: BOS versus
ney, 2000). Second, electrical stimulation within HVC inREV: initial  0.77  0.39, final  2.50  0.29, t(50) 
vitro evokes a slow inhibitory current in X-projecting4.41, p  .0001; BOS versus RO: initial  0.23  0.26,
neurons mediated by GIRK channels (Dutar et al., 2000;final  1.00  0.26, t(50)  2.15, p  .02; control cells:
Schmidt and Perkel, 1998). Finally, inactivating HVC en-BOS versus REV: initial0.13 0.39, final0.17
tirely reveals extrinsic excitatory inputs (M.J.R. and0.37, t(29)  0.10, p  .46; BOS versus RO: initial 
R.M., unpublished data), consistent with crosscorrela-0.12  0.40, final  0.32  0.31, t(19)  0.49, p  .31).
tion data indicating that a major HVC afferent (NIf) isTherefore, GIRK-mediated inhibition recruited by song
excitatory (Janata and Margoliash, 1999; M. Colemanplayback in X-projecting cells acts to most strongly sup-
and R.M., unpublished data). This evidence favors apress firing to the preferred stimulus, namely the BOS.
local origin for BOS-evoked inhibition in X-projecting
cells, although additional extrinsic inhibitory inputs to
Discussion HVC cannot be ruled out.
Disrupting GIRK-mediated inhibition in X-projecting
Enhanced BOS selectivity is thought to arise from local cells altered their firing patterns, as indicated by a chi-
circuit interactions within HVC, placing this nucleus at square independence of distribution test, by cumulative
the apex of a hierarchy relative to its less selective audi- probability distributions of p values from a bin-by-bin
tory afferents arising from Field L and NIf (Janata and analysis of spike patterns, by an examination of BOS-
Margoliash, 1999; Lewicki and Arthur, 1996; Mooney, evoked firing peaks and by an analysis of instantaneous
2000). Auditory-evoked inhibition in X-projecting cells interspike intervals. These changes in pattern included
provides an attractive potential mechanism for refine- the emergence of new PSTH peaks, decreases and in-
ment, especially as inhibition in other systems has been creases in preexisting peaks, and increased ISI variabil-
shown to shape stimulus response specificity (Fujita and ity. Therefore, although excitatory inputs to X-projecting
Konishi, 1991; Olsen and Suga, 1991; Shumway and cells clearly convey patterned information, inhibition in-
Maler, 1989; Sillito, 1975). The present study shows that teracts potently with this excitation to shape BOS-
a major component of auditory-evoked hyperpolarizing evoked firing.
inhibition onto X-projecting cells is a G protein-coupled One mechanism by which inhibition can interact with
potassium current. Disrupting this inhibition in single excitation is via thresholding, which can be simple or
X-projecting cells alters their firing patterns, specifically complex. Simple thresholding, where inhibition provides
affecting responses to preferred stimuli such as the BOS a constant hyperpolarizing offset, can occur either con-
and influencing the response bias to the BOS over its stitutively or in a stimulus-dependent manner (Carandini
and Ferster, 1997; Hammond and Kim, 1996). In contrasttemporal variants. Furthermore, our data show that the
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with a constitutively active process, we found that dis- complex thresholding of patterned excitation to shape
the overall firing pattern of X-projecting neurons.rupting inhibition diminished the baseline firing rate,
In X-projecting cells, blocking GIRK-mediated inhibi-rather than augmenting it. Contrary to stimulus-depen-
tion revealed that the remaining excitation was mostdent simple thresholding, we found that although dis-
strongly recruited by the BOS, less strongly by BOS-rupting inhibition did increase the BOS-evoked RS val-
RO, and weakly or not at all by BOS-REV. Similarly,ues, these increases were not paralleled by increases in
given that hyperpolarizing responses in unmanipulatedinstantaneous maximum firing rate. In fact, some PSTH
cells are graded and that the likely mechanism for drivingpeaks emerged and others were lost, while the propor-
this hyperpolarization is a feed-forward process involv-tion of high-frequency ISIs increased, indicating that
ing the same graded excitatory inputs unmasked byinstantaneous maximum firing rates were not saturated.
inhibitory disruption, it is likely that GIRK-mediated inhi-Such a combination of peak decreases and increases,
bition is also recruited in a graded fashion by thesesometimes within single cells, argues against a simple
three stimuli. The balanced recruitment of excitation andscaling of the spike pattern upon inhibitory disruption.
inhibition by preferred over nonpreferred stimuli is simi-This point is further underscored by the combination of
lar to that in other systems where similarly tuned excit-both alteration and constancy of spike train patterns
atory and inhibitory inputs interact to shape the exactrevealed by the bin-by-bin analysis, as simple scaling
firing pattern to preferred stimuli (Carvell and Simons,would result in most or all of the treated values achieving
1988; Ferster and Miller, 2000; Moore and Nelson, 1998).significance, which was not seen. Therefore, simple
This balanced recruitment may act to increase the sig-thresholding is unlikely, which raises the possibility that
nal-to-noise properties of X-projecting neurons, spe-highly patterned inhibition shapes BOS-evoked firing
cifically by maintaining highly peaked firing upon athrough complex thresholding. Indeed, the local HVC
background of low spontaneous activity that is a charac-circuit likely generates patterned inhibition, because the
teristic feature of these cells. BOS selectivity in HVC,interneurons and RA-projecting neurons in HVC that
as with orientation selectivity in the visual cortex, mayprovide direct and indirect inhibition, respectively, onto
involve a “push-pull” interaction that shapes the preciseX-projecting cells have patterned firing responses to the
temporal firing pattern to the optimal stimulus (AndersonBOS (Mooney, 2000).
et al., 2000; Berman et al., 1991). This contrasts withInhibition could also affect the timing and magnitude
other systems where inhibition increases selectivity byof firing in X-projecting neurons via postsynaptic “prim-
differentially suppressing otherwise equivalent excit-ing,” which could act either instead of or in combination
atory responses to all stimuli (Fujita and Konishi, 1991).with thresholding. Because priming can confer se-
This latter model predicts that disrupting inhibitionquence specificity, it has been advanced to account for
would unmask equivalent excitation across all stimuli,the highly nonlinear sensitivity to naturally occurring (i.e.,
which we did not observe in HVC.BOS) syllable sequences exhibited by a rare subset of
Although the degree to which inhibition is graded can-HVC neurons (TCS neurons) (Lewicki, 1996). In the gen-
not be determined by these experiments, the gradederal population of X-projecting cells tested here, we
nature of the underlying excitation must contribute tofound that disrupting inhibition with either GTPS or
the emergence of BOS selectivity in X-projecting cells.GDPS did not eliminate BOS-evoked firing, contrasting
An important remaining issue is the degree to which thewith an obligatory priming model. In fact, disrupting inhi-
BOS-biased and patterned excitation unmasked herebition actually increased the bias to the BOS over a
reflects local versus extrinsic excitatory inputs to HVC.stimulus that had an altered syllable sequence (BOS-
If this excitation largely reflects extrinsic inputs, thenRO), opposite to the result expected from an obligatory
one can wonder whether local circuitry enhances selec-priming model. However, we did find evidence for epi-
tivity for the BOS over other stimuli at all.sodic priming in some cells at certain moments during
In fact, as inhibition in many systems serves to en-
BOS playback, in that more than half of highly phasic
hance or create a response bias, it was surprising to us
action potential bursts initially preceded by membrane
that inhibition actively decreases the firing bias to the
hyperpolarizations decreased in magnitude upon inhibi- BOS in X-projecting cells. This process is reminiscent
tory disruption. A leading candidate for enabling hyper- of cancellation mechanisms described in other systems
polarization-dependent burst firing in neurons is a low that act to mask predictable sensory stimuli generated
threshold calcium current deinactivated by postsynaptic by the animal’s own movements (Bell et al., 1997). Song-
hyperpolarization (Jahnsen and Llinas, 1984), a current birds use auditory feedback to provide error correction
that X-projecting HVC neurons likely possess (Kubota signals important to song learning and maintenance
and Saito, 1991). Although the location of this current (Brainard and Doupe, 2000; Konishi, 1965; Woolley and
in X-projecting cells remains unknown, firing peaks were Rubel, 1997). Our findings suggest that inhibition may
most often reduced following treatment with GDPS, be tuned to the predictable features of the BOS, thus
rather than GTPS, an effect that might arise if GDPS canceling out accurate renditions of the BOS more po-
treatment blocked BOS-evoked hyperpolarizations in tently than it does “errant” versions of song. Such a
dendritic as well as somatic regions of the cell. In con- mechanism would require strong inhibitory coupling be-
trast, in GTPS-treated cells, somatic current injection tween motor commands and neurons receiving auditory
might sufficiently offset constitutively activated GIRK feedback. In fact, such coupling exists between HVC’s
currents only near the soma, but not in more distal pro- premotor neurons (RA-projecting neurons) and those
cesses, allowing some burst firing to persist. Ultimately, implicated in audition-guided vocal plasticity (X-pro-
over the course of BOS playback, inhibition may act via jecting neurons; R.M. and M.J.R., unpublished data).
During singing, such circuitry, if adequately tuned to theepisodic priming of a low threshold calcium current and
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period before each stimulus presentation from mean firing ratesBOS and appropriately delayed (e.g., perhaps by the
during each stimulus presentation, then averaging across presenta-second-messenger-mediated inhibition shown here),
tions. Note that this measure, which averages across the entirecould generate a negative efference copy in X-projecting
song, collapses across patterns of firing involving peaks of firing
cells that would cancel out anticipated excitatory audi- and firing rate suppression, both characteristics of X-projecting neu-
tory feedback (Troyer and Doupe, 2000a, 2000b). In rons. As the RS measure subtracts mean firing during baseline from
that during song, such patterns can yield a low or negative RS evencontrast, spurious renditions would disproportionately
when song elicits a strong phasic response.excite X-projecting neurons, modulating activity in
To measure subthreshold responses, raw traces were first mediandownstream areas implicated in vocal plasticity.
filtered to remove high-frequency events such as action potentials.
The subthreshold depolarization of both nonspiking and median-Experimental Procedures
filtered spiking cells was measured by subtracting (baseline from
stimulus) the integrals of the deviations in Vm above baseline mode.Most techniques have been described in previously published stud-
This measure will yield a negative value during stimulus-evokedies (Mooney, 1992; Rosen and Mooney, 2000); therefore, a brief
hyperpolarizations, as the positivity during baseline will be sub-description is provided here.
tracted from a zero value during stimulus. These values were normal-
ized by their variance and reported as depolarizing Z scores (Zd;Subjects and Stimuli
see Rosen and Mooney, 2000). Similarly, the subthreshold hyperpo-
Experiments used 33 adult (
120 post hatch days) male zebra
larization was measured by subtracting the integrals of the devia-
finches (Taeniopygia guttata) from our colony, in accordance with
tions in Vm below baseline mode, normalized by their variance, anda protocol approved by the Duke University Institutional Animal Care
reported as hyperpolarizing Z scores (Zh). Net stimulus-evoked hy-and Use Committee. Prior to the experiment, a bird’s song was
perpolarizations are reported as negative numbers; these values
recorded using custom software (M.J.R., F. Livingston, R. Neumann,
become positive when song evokes depolarizations (see Mooney,
and R. Balu), stored on a PC, and edited to include introductory
2000, Figure 9 for a graphical representation of these measure-
notes and two motifs. Stimuli presented included the bird’s own
ments). Note that a lack of subthreshold responsiveness may indi-
song (BOS), reversed-order BOS (BOS-RO; syllables played in re-
cate that a cell receives no stimulus-evoked synaptic drive or that
versed order), and reversed BOS (BOS-REV; BOS played backward).
excitation and inhibition cancel each other out.
Stimuli were 1.5–3.0 s in duration, presented with a 7 1 s interstim-
To quantify each neuron’s song selectivity, the psychophysical
ulus interval.
measure d (Green and Swets, 1966), which represents the discrimi-
nability between two stimuli, was used to compare BOS with BOS-
Preparatory Surgery, In Vivo Electrophysiology, Song REV or BOS-RO responses. The d value for the discriminability of
Presentation, and Drug Application the firing response to BOS versus other stimuli was calculated as:
On the day of electrophysiological recording, birds were IM injected
with 20% urethane in dH2O in three 30 l doses at 30 min intervals
(urethane does not suppress neural activity and has been used in d 
2(RFR BOS  RFR other)
√2BOS  2otherprevious studies of song-selectivity in HVC [Mooney, 2000; Theunis-
sen and Doupe, 1998]), further anesthetized with halothane for 1
min, and placed in a stereotaxic device. Lidocaine (2%; 20 l) was R is the average of the difference between the firing rate during
applied subcutaneously and the scalp was opened along the mid- stimulus presentation and baseline period, and 2 is the variance
line. A stainless steel post was mounted to the rostral skull with of this value. A d value of 0 indicates equal responsiveness to the
dental cement reinforced with cyanoacrylate. Birds were immobi- two stimuli; d 
 0.7 or  0.7 were used as criteria for identifying
lized via the mounted post in a sound-attenuating chamber on an a cell as significantly more or less selective to BOS than the other
air table, and body temperature was maintained at 39C. The top stimulus (Rosen and Mooney, 2000).
layer of caudal skull was removed, HVC was localized visually and Effects of drug treatment were assessed with paired t tests com-
with stereotaxic measurements, a small craniotomy (500 m) was paring initial and final time points consisting of equal numbers of
made over HVC, and dura was torn with a bent insect pin. stimulus presentations (ranging from 5 to 20) during the first and
Sharp electrodes were 60–125 Mwhen filled with 2 M potassium- last several minutes of song playback (initial 2.9 0.3 min, final
acetate. GABAA-activated chloride channels were blocked intracel- 23.0  4.2 min; range  1–156 min; drugs often took effect within
lularly with 10 M 5,11,17,23-tetrasulfonato-25,26,27,28-tetrameth- 5 min, which is approximately the time required to deliver 10 itera-
oxi-calix[4]arene (calixarene), generously provided by Dr. Ashvani tions of forward and reverse BOS). Note that diffusion of the intracel-
Singh, University of Pittsburgh. Potassium channels were blocked lular blocker commenced immediately upon cell penetration and
using 2 M cesium acetate in the recording electrode, and G protein that signal averaging required multiple stimulus presentations, so
signaling was disrupted using either 20 mM GTPS or GDPS. Rest- that even our initial measures are not true controls. Therefore, the
ing membrane potential was held constant via tonic current injection absolute amount of inhibition is likely to be even greater than mea-
through the recording electrode to offset the depolarizing effect of sured here. Averages throughout the text are reported with the
cesium or the hyperpolarizing effect of GTPS. An AxoClamp 2B standard error of the mean (SEM).
intracellular amplifier in bridge mode measured intracellular poten- To assess whether firing patterns changed from those recorded
tials, which were low-pass filtered (3 kHz) and digitized (10 kHz). during initial drug application (first 5–10 song presentations) to those
HVC neuronal types were identified online by their characteristic recorded after drugs had taken effect (last 5–10 song presentations),
spike shapes and firing patterns in response to positive current several measures were used. First, we examined the magnitude
injection (see Mooney, 2000) Briefly, X-projecting neurons were dis- of difference in the overall firing pattern over the course of drug
tinguished from the other two cell classes in HVC (interneurons application compared with untreated cells recorded over similar
and RA-projecting neurons) in that they fire relatively regular action time durations. These differences in firing patterns were assessed
potential trains when depolarized with moderate spike frequency using the 	2 independence of distribution test. The magnitude of
adaptation over the first 5–10 spikes, have relatively broad action chi-square values quantified the difference between distributions
potentials, and exhibit spontaneous IPSPs when held at depolarized of spike times during BOS-evoked firing, before and after inhibitory
membrane potentials. Cells were tested with 10 to 30 iterations (at disruption. The bin width of the PSTHs used for comparison were set
70 dB) of the auditory stimuli if their resting potentials were nega- to avoid bins with zero spikes (a requirement for the independence of
tive of 55 mV and robust spontaneous synaptic activity was distribution test) and thus varied across cells but were consistent
present. within cells (range: 50–450, mean: 184  13 ms). ANOVAs and post
hoc tests were performed on chi-square values to assess the effect
of each treatment on changes in firing pattern. Second, to examineData Analysis
The firing response strength (RS; spikes/s) of cells with spiking finer differences in firing pattern, we conducted a bin-by-bin within-
cell comparison on spike trains obtained at initial and final timeactivity was calculated by subtracting mean firing rates during a 2 s
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points. Spike counts during each BOS playback were normalized Faingold, C.L., Boersma Anderson, C.A., and Caspary, D.M. (1991).
Involvement of GABA in acoustically-evoked inhibition in inferiorto mean baseline firing rate and subdivided into 100 ms bins, t tests
were computed on each bin, and the resulting p values were plotted colliculus neurons. Hear. Res. 52, 201–216.
in a cumulative distribution for both drug-treated and control cells. Ferster, D., and Miller, K.D. (2000). Neural mechanisms of orientation
Third, interspike intervals were measured during each of the BOS selectivity in the visual cortex. Annu. Rev. Neurosci. 23, 441–471.
presentations used to generate initial and final PSTHs. These ISIs
Fujita, I., and Konishi, M. (1991). The role of GABAergic inhibition
were pooled across iterations and cells to give initial and final ISI
in processing of interaural time difference in the owl’s auditory sys-
distributions. This measure was performed on both control and
tem. J. Neurosci. 11, 722–739.
drug-treated cells. Finally, BOS-evoked peaks in firing were quanti-
Green, D.M., and Swets, J.A. (1966). Signal detection theory andfied as follows: peaks were defined as firing confined to 50 ms
psychophysics (New York: John Wiley and Sons).periods (2 bins) that exceeded the mean baseline firing rate by at
Hammond, P., and Kim, J.N. (1996). Role of suppression in shapingleast 2.5 standard deviations and were surrounded by at least 50 ms
orientation and direction selectivity of complex neurons in cat striateof below-criterion firing on either side. Peaks in PSTHs were identi-
cortex. J. Neurophysiol. 75, 1163–1176.fied at initial time points, and compared with PSTHs at final time
points to identify changes in amplitude, shifts in time of at least 25 Hartings, J.A., and Simons, D.J. (2000). Inhibition suppresses trans-
ms (1 bin), and emergence of peaks at time bins where no response mission of tonic vibrissa-evoked activity in the rat ventrobasal thala-
was previously elicited. mus. J. Neurosci. 20, RC100.
Firing rates were calculated separately during baseline periods Hefti, B.J., and Smith, P.H. (2000). Anatomy, physiology, and synap-
prior to presentation of song (FRbaseline), during periods of BOS play- tic responses of rat layer V auditory cortical cells and effects of
back (FRBOS), and during the single 25 ms bin for each cell in which intracellular GABA(A) blockade. J. Neurophysiol. 83, 2626–2638.
the BOS elicited the strongest response (i.e., the instantaneous
Jahnsen, H., and Llinas, R. (1984). Electrophysiological propertiesmaximum firing rate (FRPeak)).
of guinea-pig thalamic neurones: an in vitro study. J. Physiol. 349,
205–226.
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